Over the past few decades, explosive devices have become the weapon of choice for many terrorist attacks. In some of these attacks, large amounts of explosives are detonated within a short distance of building structures. It has been shown that current design methods are inadequate for the prevention of progressive collapse. The protection of key elements, such as columns, is necessary to prevent this catastrophic response sufficiently. This article discusses the performance of a new sacrificial cladding that protects reinforced concrete members under blast loading. It consists of reinforced resin panels with an insulation layer. For comparison purposes, two reinforced concrete members were previously experimentally studied, a reinforced concrete column without protection and reinforced concrete column with classical steel jacketing. It can be observed from the experimental results that the new sacrificial cladding achieves an important reduction in damage and displacements.
Introduction
Over the past few decades, the use of vehicle bombs to attack buildings has been a feature of campaigns by terrorist organizations all around the world (Gunaratna, 2008; Mlakar Sr et al., 1998) . A bomb explosion within or immediately nearby a building can cause catastrophic damage (Ngo et al., 2007) . The close-in effect of explosions may cause localized shear or flexural failure in the closest structural elements. Columns are the key load-bearing elements in frame structures, and exterior columns are probably the most vulnerable structural components for terrorist attacks.
However, current knowledge in the evaluation of residual capacity of blast damaged reinforced concrete (RC) columns remains limited. Bao and Li (2010) develop numerical studies of RC columns subjected to blast loads to estimate the effects of different axial load ratios, various reinforcement percentages, and aspect ratios in their residual axial strength after the blast. , based on parametric studies, investigated the relationship between residual axial capacity and parameters such as material strength, column detail, and blast conditions. They concluded that a column with higher axial load ratio can increase its shear strength so that the damage due to blast load is minor. Therefore, a column with higher axial load ratio can retain more residual axial capacity. On the contrary, Astarlioglu et al. (2013) and Astarlioglu and Krauthammer (2014) presented the results of numerical studies on the dynamic response of RC columns subjected to axial and blast loads utilizing an advanced single-degree-of-freedom (SDOF) model. According to the P-I diagrams developed for high pressure and short duration loads (i.e. the impulsive domain), the impulsive asymptote shifted to the left with each increment in axial load (i.e. lower impulse level). This indicates that higher strength comes at the expense of reduced ductility and the column became more susceptible to transverse loads at high axial load levels. However, for the ultra-highperformance fiber-reinforced concrete (UHPFRC) columns, this effect is much less severe. Finally, Xu et al. (2016) conducted an experiment to analyze the effect of axial loading on columns subjected to blasts. The results show that the axially loaded specimens have smaller deflections for ultra-high-performance reinforced concrete (UHPRC) members.
The initial failure of vertical load-bearing elements can trigger progressive collapse, which increases the number of victims and economic costs (Starossek and Wolff, 2005) . It is therefore important to develop protection systems that improve the behavior of civil buildings exposed to this threat. Some engineers suggest that current seismic design provisions, both for new buildings and for strengthened existing buildings, can improve resistance to blast loads and progressive collapse (Abladey and Braimah, 2014; Hayes et al., 2005) . Moreover, it is advisable to provide alternative load paths which means creating redundancy which can bear the loss of a key element (Starossek and Wolff, 2005) . These solutions can be costly and non-practical in the case of existing buildings. Sufficiently protecting key elements is necessary to prevent this catastrophic response. Furthermore, a special collapse resistance may not be required for every structure (Starossek and Wolff, 2005) . Steel-reinforced polymer (SRP) and fiber-reinforced polymer (FRP) jacketing was first implemented in the mitigation of earthquake hazards (Crawford et al., 1997; Wu et al., 2006) . Researchers have observed that jacketing the columns with steel or a composite jacket considerably improves their survivability to explosive loads (Crawford et al., 1997; Malvar et al., 2007; Tan et al., 2012) . Another alternative is to use UHPFRC that offers increased strength and ductility against blast loads when compared to normal and high-performance concrete materials. (Astarlioglu and Krauthammer, 2014; Li et al., 2015) .
Another mitigation strategy is the use of sacrificial cladding as a shock attenuator. It is well known that sandwich panels with the appropriate distribution of mass between the front and back faces and the core exhibit superior bending stiffness and strength compared to monolithic plates of the same mass per unit area (Yungwirth et al., 2011) . The use of cellular sandwich cores such as metal foam (Liu et al., 2013; Zhu et al., 2011) , partially pre-crushed honeycombs (Alberdi et al., 2013; Xia et al., 2014) , and certain lattice structures (McKown et al., 2008; Tancogne-Dejean et al., 2016) are of particular interest at present. These sandwich cores must be capable of a large volume decrease at an essentially constant pressure. A previous article presented by the authors (Codina et al., 2016a) proposed reinforced polyurethane bricks as an alternative protection system, which can be considered within this group.
Researchers have observed that sandwich panels with ceramic inserts have a significantly higher ballistic resistance. The ceramic cores deform and erode the projectile and also comminute the ceramic. The ceramic comminution (and resultant dilation) results in the stretching of both steel face sheets and leads to significant energy dissipation (Yungwirth et al., 2011) . A similar effect can be achieved with epoxy resins as is presented in De Borbón and Ambrosini (2013) .
This article discusses the performance of a new sacrificial cladding for protecting RC columns under close-in blast loading. A non-traditional system is presented, reinforced resin panels with an insulation layer. During the explosion, these panels present an obstacle between the pressure wave and the structure to be protected. The resin comminutes without load transfer to the structure due to the insulation layer. Finally, the system dissipates some of the explosion energy and reduces damage. An experimental study was performed for this investigation as well as in a previous article by the authors (Codina et al., 2016a) . For comparison purposes, RC members without protection and with steel jacketing are presented. The obtained results are useful for exploring new alternatives in the protection of RC columns.
RC member and experimental setup

RC specimen characteristics
Three RC members were built to be subjected to blast loads. The members had a square section of 230 mm × 230 mm and a free span of 2.44 m (Figure 1 ). Semi-buried concrete blocks at the end of the members avoided the rotation of the blocks and member. Hence, the members were assumed to be fully clamped. Material tests were performed; the concrete strength was f c = 30 MPa and the yield stress of the bars was f y = 420 MPa. Transverse reinforcement was made denser at the ends of the member within the plastic hinge region to avoid shear failure. Geometry and characteristics of the reinforcement can be seen in Figure 1 .
RC members do not have axial force in this experimental test. This is because the objective of the work is a comparative study of different damage mitigation strategies concerning RC members and not a specific study of residual capacity of a blast damaged RC column. However, it should be kept in mind that close-in high-intensity blast loads could produce significant cover cratering and spallation leading to a column axial loading capacity that deteriorates which may cause the column to lose its axial stability under axial loads. The RC members in the tests were designed as columns, and the reinforcement is representative of a typical column. The dynamic response of these structural elements under blast loading was discussed by a numerical-experimental study in a previous article (Codina et al., 2016b) . It is important to highlight that the loading condition on the specimen is very complex due to the interaction between shock wave, specimen, and ground. The boundary conditions in these tests and the soil interaction with the RC members were studied using numerical modeling in Codina et al. (2016b) . The results show that the overpressure generated in the lower face due to the reflection of the wave in the soil is of much lower intensity than the one observed in the upper face. Therefore, the effect of the reflection from the soil has minor importance on the response of the RC members (Codina et al., 2016b) .
Experimental setup
The specimens were tested in a horizontal position (Codina et al., 2016a (Codina et al., , 2016b . The explosive used in the tests was Gelamón VF65, a nitroglycerin (NG)-based gelatinous explosive theoretically equivalent in mass to 65% TNT. This equivalence was verified by a numerical-experimental study based on overpressures (Codina et al., 2016a) . The properties of the explosive used are presented in Table 1 .
An explosive charge of 8 kg of equivalent TNT was used in the tests. The load was cylindrically molded (diameter = 24.5 cm and height = 17.5 cm), and a wood framed structure was built as support. The vertical standoff distance was 60 cm measured from the center of the explosive charge to the top surface of the RC member. Hence, the scaled distance Z was 0.3 m/kg 1/3 , for which the tests were performed in the near-field range. As noted in Codina et al. (2016b) , this explosion generates significant damage and deflections, which are necessary for the comparative study of protection systems.
A numerical study in Codina et al. (2016b) was performed to determine the explosive location over the RC members. It was concluded that placing the charge at 32 cm from the end of the member was more representative of a real situation of a terrorist attack in an urban environment.
The experimental setup can be seen in Figure 2 . All explosive charges were detonated using an electric initiation system with a detonator that was inserted at the top of the charge.
The final deflection suffered by the RC members was measured in the gauge points labeled in Figure 2 . After the blast, the final gauges' point positions were compared with the reference level.
Protection systems
Steel jacketing
Steel # 1/8″ (3.25 mm of thickness) was used to build the jacketing of the concrete member. A system of bolts 3/8″ in the back of the specimen allowed the jacketing to be removed to study the damage on the concrete after the blast (Figure 3) .
As the steel jacketing increases the strength and ductility of the member, shear keys of UPN100 were welded at the ends of the specimen to prevent a local shear failure. The weight added to the RC member by the steel jacketing is 66 kg without taking the shear keys into account. 
Reinforced resin panels with insulation layer
A new sacrificial cladding system of reinforced resin panels with an insulation layer was built as an alternative protection (Figure 4) . The panels are made of unsaturated polyester (UP) resin, whose mechanical properties are presented in Table 2 . The major advantages of UP resins are as follows: balanced mechanical, chemical, thermal, and electrical properties; low cost; and ease of handling and processing (Xu and Lee, 2005) .
The UP resin presents interesting mechanical properties for the preparation of the fracture dissipation panels. It has a tensile strength of 58 MPa and a flexural elongation of 2.7%, which allows (Codina et al., 2016a (Codina et al., , 2016b . it to absorb part of the energy of the explosion in the form of mechanical and kinetic energy before the fracture. The most important mechanism for the dissipation of the panels is through the fracture energy for which the polyether resin has a fracture energy of around 200 J/m 2 , (Harris et al., 1971) . The key to dissipating a significant amount of energy is that the resin is reduced to small fragments and in this way increases the fracture surfaces.
UP resin during hardening exhibits contractions of the order of 1.7%-2.4%, so during the manufacturing process the retraction of the panels must be controlled to avoid cracking or excessive deformation.
The polyester resin plates are reinforced with a pre-tensioned wire mesh (0.71 mm galvanized steel wire, 2.91 mm opening). The pre-tensioned wire mesh increases the strength of the resin panels and allows easy control of shrinkage strains during the curing process (hardening). Contraction control joints were placed in the panels to control random cracking during the resin curing ( Figure 5 ).
For the experimental test, four panels were built, each divided into 10 parts of 230 × 220 × 11 mm, as shown in Figure 6 .
The galvanized wire mesh (AISI 1070 steel) has a yield strength of ⩾350 MPa, tensile strength of ⩾650 MPa, elastic modulus of 200 GPa, and elongation of 8%-25%. Although the steel mesh has a lower resistance than glass or carbon fibers, the steel has a much higher elongation capacity which guarantees a greater ductility and energy dissipation once the panel is fractured by the explosion. Furthermore, SRPs are less expensive composites that are currently considered for numerous applications in civil engineering, (Huang et al., 2005) . The reason for using only 1.23 vf% (volume fraction) of steel wire mesh in the resin is not to compromise the fracture capacity (since it seeks to obtain a fine fragmentation) but to reduce the cost of the panels. The four resin panels were stacked one on top of the other. They were not connected. This assembly is separated from the RC member by a lightweight foam panel (30 kg/m 3 expanded polystyrene (EPS), 95 mm of thickness). This ensures that the assembly of panels comminutes limiting the load transfer to the structure due to the insulation layer (Figure 4) .
The EPS insulation layer allows a reduction to the load transmitted to the column during the initial stage fracture of the UP resin panels. The main idea of the incorporation of the EPS layer is to give a space or isolation to the reinforced resin panels which allows maximum breakage and comminution and therefore the maximum energy dissipation of the panels. In this sense, it would be the same as providing an empty space filled with air. Then the EPS layer has the main objective of separating the reinforced resin panels from the upper face of the column. However, an additional dissipation of about 0.12 J/cm 3 can also be expected from the material compaction, (Di Landro et al., 2002) . Taking into account that the explosion generates maximum overpressure on the upper face of the RC members of 3.5E5 kPa (Codina et al., 2016b) , the EPS insulation layer transmits a negligible load during the wide collapse plateau. The insulation layer reaches the densification zone past a deformation of approximately 60%, which allows a displacement to the resin panels of about 60 mm without a significant transfer of pressure to the RC member. Once the insulation layer reaches the densification zone, the charge transmission is direct, but the transmitted impulse is reduced by the dissipation of the resin panels. In this way, as the resin panels are not in direct contact with the RC member, a maximization of the fracture surface of the panels with the corresponding energy dissipation is achieved.
Regarding other sacrificial cladding systems, such as cellular sandwich cores such as metal foam, partially pre-crushed honeycombs, and certain lattice structures, an additional advantage of the system proposed in this article should be noted. With the dissipation systems mentioned (Alberdi et al., 2013; Liu et al., 2013; McKown et al., 2008; Tancogne-Dejean et al., 2016; Xia et al., 2014; Zhu et al., 2011) , it is necessary to achieve a large volume decrease at an essentially constant pressure (stress plateau). Therefore, these layers require an important stress plateau for the dissipation of energy, transmitting these pressures to the structure, which means a requirement in strength and ductility to support structure. Instead, using the proposed UP resin panels, the main dissipation mechanism (fracture of the resin plates) does not require the transmission of important pressures to the structure in the first stage of the explosion. The dissipation mechanism in UP resin panels develops before reaching the densification zone of the insulation layer. In this way, the protection system is independent of the structure to be protected, which does not happen with the other systems mentioned. Finally, this system can easily be applied to walls in which classical steel jacketing could not be used.
A light jacketing of steel #20 (0.89 mm of thickness) was placed over the panels with the primary role of maintaining the sacrificial cladding in position. If the core compacts, the jacketing can freely slip down. Figure 7 shows the system installation of the RC member before the jacketing installation.
On the other hand, it should be highlighted that this light steel wrap provides additional mass to the system which is beneficial in resisting the blast loads because of the inertia, although its mass of 20 kg is small when compared with the total mass of the member of about 390 kg (5%). Moreover, it may be expected that the jacketing will be an extra dissipation source for protection. To study the dissipation capacity mainly of the resin panels, a light thin jacketing was used to minimize the dissipation of this element. The weights of the different components of the proposed system are presented in Table 3 .
The protection system has a total weight of 60.4 kg which is 8.5% lighter than the steel jacketing system already presented.
Experimental results
All the specimens were tested with the configuration described in section "Experimental setup" and Figure 2 , a charge 8 kg of equivalent TNT with a standoff distance of 60 cm. The gap distance between the top face of the RC member and the explosive was the same for the three cases, independent of the thickness of the protection. Figure 8 shows the damage suffered by the steel jacketing protection. Significant plastic strains on the upper surface are observed but no fracture or perforations in the plate. The protection system was effective in the damage mitigation to the RC member. It is observed that the bolts' union resisted the shock wave which allows the joint movement between the steel jacketing and the RC member, increasing the resistance and ductility of the set. On the other hand, the shear keys under the explosive came off with the explosion. Despite this, the maximum final deflection was lowered by almost 60% with respect to the RC member without protection. Consequently, there was less damage to the member and obviously it can be inferred that this member has a higher residual capacity, preventing progressive collapse (Codina et al., 2016a) . Figure 9 shows the final state of the sacrificial cladding after the explosion. It can be observed that the light jacketing was drilled into the zone closest to the explosion. It is clear that there is a local dissipation of energy due to light jacketing in the zone near the explosion. Once the jacketing is removed, the damage in the panels can be observed (Figure 10(a) ). The closest resin panels comminute under the impact of the explosion. The first two sections of the four resin panels were destroyed, and the remaining sections are shown in Figure 10 (b). It is further noted that the insulation layer was crushed throughout the RC member.
Damage in the steel jacketing protection
Damage in the new protection system
Damage in RC members
After the sacrificial cladding was removed, the damage on the protected RC members was compared with the RC member without protection. All the concrete members were damaged in flexure mode (Figure 11 ) with concrete crushed on the front face, concrete spallation on the bottom surface, and concrete flake off on the side surfaces.
It can be observed that the protection resin panels considerably decreased the overall damage to the RC member. The damage mitigation with the new system is comparable to the RC member with the steel jacketing of a sheet thickness of 3.25 mm. Figure 12 shows the local damage in the members just below the explosive. In the RC member with resin protection, the concrete crush on the front face was reduced almost as much as the steel jacketing protection. Also, in the RC member with the resin panels, the concrete spallation on the bottom surface was completely avoided. Finally, the concrete flake off on the side surfaces was reduced by approximately 50% when compared with the unprotected member. 
Permanent deflections
The final deflection suffered by the RC members was measured with the gauge points labeled in Figure 2 .
A wooden post with a marked level was placed on the soil within 5 m of each RC member. Subsequently, this reference level was marked on one of the side faces of each RC member to have a reference of the position of the point before the explosion. The marks were made on concrete in all cases, and an alcohol hose level was used. Later, the posts were protected with an embankment so that they were not to be affected by the detonations, and the systems of protection in the RC members were installed. Once the detonations were performed, the points were re-marked with the reference level of the post, and the deflections suffered in each case were determined (Figure 13 ). Under the explosive zone, the deflections of the RC member could not be measured by the concrete flake off on the side surfaces (Figure 12 ).
The measured deflections of the members are presented in Table 4 and Figure 14 . The final deflection for point 3, when compared to the member without protection, is 57.4% lower for the steel jacketing and 66% lower for the reinforced resin panels.
Conclusion
A new system of reinforced and isolated resin panels for the protection of RC members against close-in blasts was designed and studied. The mitigation of shock and energy absorption under blast loading conditions was studied using methodological experiments. The proposed reinforced and isolated resin panels have advantages with respect to other sacrificial cladding systems because the main dissipation mechanism (fracture of the resin plates) does not require transmission of important pressures to the structure during the first stage of the explosion. Moreover, this system can easily be applied to walls in which classical steel jacketing cannot be used.
For comparison purposes, an RC member without protection is also studied. This new protection system was compared with a steel jacketing protection, which is known as an efficient classical system. Both systems have comparable weights: 66 kg for steel jacketing and 60.4 kg for isolated and reinforced resin panels. Inclusive, this comparison of weights gives an advantage for the new protection system proposed, which has a better response with minor final displacements.
As expected, the steel jacketing protection presents excellent behavior in terms of reducing concrete damage and reducing final deflections. Significant plastic strains on the upper surface are observed, but no fracture or perforations were found in the plate. The maximum final deflection was lowered by almost 60%. Consequently, there was less damage to the member, and it can be inferred that this member has a higher residual capacity, preventing progressive collapse.
It is observed that the protection of UP resin panels considerably decreased the overall damage to the RC member. The closest resin panels comminute under the impact of the explosion with the corresponding energy dissipation. The light steel jacketing will provide an extra dissipation source for protection. The damage mitigation with the new system is comparable to the steel jacketing with a sheet thickness of 3.25 mm. However, it should be recognized that although the UP resin panels can well protect the concrete damage and reduce the overall deflection, the spalling and burst of concrete cannot be protected.
A reduction in the final deflection when compared to the column without protection is 57.4% for the steel jacketing and 66% for the reinforced resin panels. Thus, for the near-field explosion studied (scaled distance close to Z = 0.3 m/kg 1/3 and a charge equivalent of 8 kg of TNT), the system can be very effective for reducing blast damage. It is observed that although both systems have very different mechanisms of damage mitigation, both achieve similar results. This experimental study demonstrates the efficiency of the proposed system.
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